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Measurements of the magnetic Gru¨neisen parameter (ΓB) and specific heat on the Kitaev material
candidate α-RuCl3 are used to access in-plane field- and temperature-dependence of the entropy up
to 12 T and down to 1 K. No signatures corresponding to phase transitions are detected beyond the
boundary of the magnetically ordered region, but only a shoulder-like anomaly in ΓB, involving an
entropy increment as small as 10−5R log 2. These observations put into question the presence of a
thermodynamic phase transition between the purported quantum spin liquid and the field-polarized
state of α-RuCl3. We show theoretically that at low temperatures ΓB is sensitive to crossings in the
lowest excitations within gapped phases, and identify the measured shoulder-like anomaly as being
of such origin. Exact diagonalization calculations demonstrate that the shoulder-like anomaly can
be reproduced in extended Kitaev models that gain proximity to an additional phase at finite field
without entering it. We discuss manifestations of this proximity in other measurements.
Quantum spin liquids (QSLs) describe novel states of
matter that violate Landau’s concept of broken symme-
try and associated order parameters [1]. These states
feature unconventional quasiparticle excitations, such as
spinons, Majorana fermions, or artificial photons [2]. For
example, the exactly solvable Kitaev model leads to a Z2
QSL ground state with emergent fractionalized Majorana
excitations [3]. Recent efforts focused on compounds
with heavy transition-metal elements as experimental re-
alizations of this model [4–7], and several promising ma-
terials including the two-dimensional α-RuCl3, Na2IrO3
and α-Li2IrO3 have been identified. Although interac-
tions beyond the Kitaev model cause long-range magnetic
order in the above mentioned materials, the presence of
a strong Kitaev exchange has been suggested to lead to
proximate QSL behavior in the paramagnetic state above
the Ne´el temperature [8–10] and in applied magnetic
fields upon the suppression of the ordered phase [11, 12].
Here, we focus on α-RuCl3, which magnetically orders
below 7 K in zero field and reveals magnon excitations
at low energies [13–18]. Additionally, it shows broad
high-energy spectral features that are often interpreted
as fractionalized excitations – vestiges of the proximate
QSL state [13, 19–22] – although this behavior can also be
described in terms of magnon decays and incoherent exci-
tations originating from strong magnetic anharmonicities
[23–26]. In-plane magnetic fields lead to a gradual sup-
pression of magnetic order that completely disappears
around BAF2c ' 7.5 T [27–31] (see also the inset of Fig. 1
for the data from our study).
The nature of the phase lying immediately above BAF2c
has been a matter of significant debate. On the one hand,
it can be seen as a precursor of the gapped fully polarized
state [32], but reveals only a fraction of the total magne-
tization of spin- 12 because of the sizable off-diagonal ex-
change present in the system [24, 33]. On the other hand,
if magnetic order is seen as an obstacle to the Kitaev
QSL, then the suppression of the ordered phase should
give way to the QSL itself. This latter scenario was
reinforced by the observation of quantized half-integer
thermal Hall effect, a signature of underlying topological
order [34]. This quantization was initially reported at
7−9 T [35], right above BAF2c , although more recent stud-
ies detected quantized behavior only in higher in-plane
fields of 8.5− 9 T [36] or even 10− 12 T [37], suggesting
that the putative spin-liquid phase may not emerge from
the magnetically ordered phase directly. Importantly, if
a topological QSL occurs at intermediate fields, the bor-
ders of the phase would have to be marked by distinct
thermodynamic signatures [38].
In this Letter, we therefore examine the temperature-
field phase diagram of α-RuCl3 by high-resolution ther-
modynamic measurements and seek to explore phase
transitions related to the half-integer plateau in ther-
mal Hall effect of Refs. 35–37. We find that no thermo-
dynamic phase transitions occur for fields above BAF2c ,
whereas the previously reported shoulder anomalies in
the magnetocaloric coefficient [16] and magnetostric-
tion [39] above 8 T are likely due to a change in the nature
of the lowest excited states with only a tiny change in en-
tropy. This casts doubts on the existence of an intrinsic
thermodynamic phase transition between the purported
QSL and the partially-polarized phase of α-RuCl3. We
analyze the possible microscopic origin of the observed
shoulder anomaly via finite-temperature exact diagonal-
ization for realistic spin models for α-RuCl3 [23, 40, 41].
Our results suggest that this feature may originate from
crossings of low-lying excitations related to competing
distinct phases, without the system experiencing a ther-
modynamic phase transition to a new phase.
Measurements of the magnetic Gru¨neisen parameter
(ΓB) and specific heat (C) as a function of field were
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2performed with a dilution refrigerator using the high-
resolution alternating-field method for ΓB [42] and quasi-
adiabatic heat pulse and relaxation method for C [43].
High-quality single crystals were grown by vacuum sub-
limation [44]. Sample quality was checked by a zero-field
heat-capacity measurement. The sample showed a single
phase transition around 7 K and no signatures of an ad-
ditional phase transition at 14 K, which could be caused
by stacking faults. The zero-field measurement repeated
after the measurements in the magnetic field confirmed
that the sample remained intact, with no stacking faults
introduced during the experiment [43].
From previous works on α-RuCl3 it is known that the
magnetic phase diagram varies somewhat for different
in-plane field directions [45]. For fields applied perpen-
dicular to the Ru–Ru bonds (crystallographic a direc-
tion), one observes an extended region of an intermedi-
ate ordered phase [45], which is stable between BAF1c and
BAF2c , and presumably related to a change of the out-of-
plane ordering wavevector [46]. The half-integer ther-
mal Hall effect was observed for B ‖ a [35–37], whereas
from symmetry considerations no thermal Hall effect is
expected for B ‖ b [37, 47]. For our measurements, we
choose a field direction close to a, with about 10◦ offset
caused by sample misalignment (Fig. 1).
In Fig. 1, we show both specific heat C and the
magnetic Gru¨neisen parameter ΓB = −(∂M/∂T )/C =
(1/T )(∂T/∂B)S , which quantifies the ratio between the
temperature derivative of the magnetization and the
specific heat. ΓB is a measure of the adiabatic mag-
netocaloric effect and a very sensitive probe of classi-
cal and quantum phase transitions [48–50]. Using the
high-resolution alternating-field method [42], we deter-
mine magnetocaloric effect under perfect adiabatic con-
ditions, in contrast to the previous magnetocaloric study
of Ref. 16. Combining ΓB with the specific heat provides
access to the temperature derivative of the magnetic en-
tropy across the phase diagram as ∂S/∂B = −C ΓB.
In the specific heat, shown in Fig. 1a, the dominant
feature is a peak at BAF2c = 7.4 T. At the same field,
ΓB exhibits a sharp jump with a sign change from neg-
ative to positive, cf. Fig. 1b. We note that entropy S
generally exhibits a maximum at a second-order phase
transition between the magnetically ordered and param-
agnetic phases [49]. The entropy change across the tran-
sition, ∆S = − ∫ dB C ΓB (Fig.1c), indeed shows a max-
imum, because C is always positive, and a sign change of
ΓB from negative to positive with increasing field corre-
sponds to a maximum in the entropy at BAF2c .
Another anomaly at BAF1c = 6.9 T is also clearly visible
as a local maximum of ΓB, although a corresponding fea-
ture in C is nearly absent. For a weak first-order phase
transition one also expects a maximum of the entropy,
but without a discontinuity in C if the transition is sig-
nificantly smeared out. In this case, ∂S/∂B goes through
a minimum that causes a maximum in ΓB without the
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FIG. 1. Magnetic field dependencies of (a) the specific heat
C, (b) the magnetic Gru¨neisen parameter ΓB, (c) the field
derivative of the entropy ∂S/∂B and entropy increment ∆S
(see text) for α-RuCl3 at 2 K. The inset in (a) shows a
temperature-field phase diagram derived from our data, where
solid lines stand for thermodynamic transitions and the dot-
ted line for a crossover at B∗, and in (b) the field direction of
our experiment.
jump and sign change. This way, we interpret BAF1c as a
first-order phase transition, which is compatible with the
reported change in the magnetic propagation vector at
this field [46]. We note in passing that there is another
sign change in ΓB at 1.8 T, indicating an additional en-
tropy maximum. It is mostly likely related to the domain
reconstruction reported in previous studies [28].
Beyond BAF2c , the AF order is destroyed. At higher
fields, if a QSL phase exists, at least one additional phase
transition is necessary when the QSL is suppressed, as in-
dicated by the disappearance of the half quantization in
the thermal Hall effect [35]. However, we find no sig-
nature of a further phase transition in our specific heat
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FIG. 2. Magnetic field dependence of the specific heat (a)
and field derivative of the entropy (b), as well as the en-
tropy change (inset) for α-RuCl3 at 2 K between 8 and 12 T.
The black solid lines indicate C = β(B − Bc) with BAF2c =
7.4 T, β = 22.7(9)mJK−1mol−1T− and  = 0.64(5) (a) and
∂S/∂B = β(B−Bc)Gr/(B−Bc) (b), with Gr = −0.157(2),
respectively [43]. The inset shows the difference between the
measured entropy and the integration of the above function
for ∂S/∂B for fields between 8.5 and 11 T.
data (Fig. S4a). We find only a broad shoulder in ΓB
centered at B∗ ∼ 10 T, which is much weaker than the
two other anomalies. From these observations, we con-
clude that there is no second-order phase transition above
BAF2c within the resolution of our experiment. As shown
in the phase diagram (Fig. 1), the shoulder at B∗ is ob-
served also at 1 K, but not above 2 K [43]. According to
recent Raman [17, 18] and neutron-scattering [16] experi-
ments, the field range of the shoulder falls into the region
of a gapped phase.
To obtain further information on the shoulder-like
anomaly at B∗ in the magnetic Gru¨neisen parameter,
we inspect the entropy contained in different transition
anomalies using ∂S/∂B = −CΓB shown in Fig. 1c. Two
clear jumps are observed at BAF1c and B
AF2
c , whereas at
B∗ only a broad shoulder can be distinguished (Fig. S4b).
Clearly, the anomaly near B∗ results in a negative contri-
bution to ∂S/∂B and thus also to an additional decrease
in the magnetic entropy. Qualitatively, this may indi-
cate that the state for B > B∗ has lower entropy, which
naturally arises due to the polarization of moments by
magnetic field.
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FIG. 3. T = 2 K exact diagonalization results of the mag-
netic Gru¨neisen parameter ΓB for the minimal model of α-
RuCl3 [23]. The inset shows the employed periodic cluster.
By subtracting the background [43] and integrating
∂S/∂B, we estimate that only a tiny amount of entropy,
0.25 mJ/mol·K (4.3×10−5R log 2), is associated with the
shoulder at B∗. For comparison, the entropy change at
BAF2c is 12.5 mJ/mol·K and thus 50 times larger. Al-
though entropy changes generally become small at low
temperatures, they are not expected to become so tiny,
especially at the transition between a chiral Kitaev spin
liquid and polarized state, where the flux gap is closed
and low-energy excitations are abundant [51, 52].
To analyze our experimental results in the context of
realistic Hamiltonians of α-RuCl3, we first perform exact
diagonalization calculations on the two-dimensional ab-
initio guided minimal model of Ref. 23, which reproduces
various experimental aspects of α-RuCl3 [23, 24, 27, 53,
54] without hosting an in-plane field-induced QSL phase.
We compute finite-temperature observables practically
numerically exactly [43] on a two-dimensional 24-site pe-
riodic cluster shown in the inset of Fig. 3. We stress
that these calculations cannot capture features related
to three-dimensional effects (like BAF1c ), and finite-size
effects lead to a smearing out of thermodynamic phase
transitions. Nonetheless, this model and method cap-
ture the essential field- and temperature evolution of the
anomalies at BAF2c and of the overall magnitude for the
Gru¨neisen parameter (Fig. 3) and other measured quanti-
ties, as shown in the Supplemental Material [43]. Focus-
ing now on ΓB, we observe that the computed absolute
order of magnitude as well as the sign change related to
the suppression of zigzag order (BAF2c ) at B ≈ 6 T in
the model agree well with experiment. In the partially-
polarized phase of the model (B > 6 T), ΓB reaches its
maximum not instantly at the phase transition, but at
B ≈ 10 T, which is likely related to the above mentioned
finite-size effect. For all higher field strengths, ΓB falls
monotonically but stays positive.
The results provided by this model [23] however lack a
4shoulder-like anomaly like the one observed experimen-
tally at B∗. On the other hand, since this shoulder lacks
the appearance of a phase transition [48], we are led to
ask: Can anomalies occur in general Gru¨neisen param-
eters Γλ ≡ −(∂S/∂λ)/C that are not accompanied by
phase transitions? The universal zero-temperature limit
of Γλ of all gapped phases is in fact markedly simple [43]:
Γλ(T → 0) = ∆
′
∆
(1)
where ∆ is the gap between the ground state and lowest
excited state and ∆′ ≡ d∆/dλ. Eq. (1) holds for both
the magnetic Gru¨neisen parameter (λ = B) measured in
this study, as well as the structural one (λ = pressure).
From Eq. (1), we can anticipate two distinct types of
anomalies in Γλ, which we illustrate via the schematic
discrete spectrum shown in Fig. 4 (note that Eq. (1) nev-
ertheless also holds for continuous spectra). If we con-
sider a quantum phase transition at a critical λc, marked
by a gap closure [55], it is easy to see that Γλ diverges [43]
and changes sign from negative to positive upon closing
(∆′ < 0) and reopening (∆′ > 0) of the gap. Provided
the gap closes or opens as a power law in the thermody-
namic limit, ∆ ∝ |λ−λc|p, a general consequence of this
formula is that Γλ ∝ (λ−λc)−1 regardless of the specific
power p. This recovers the known behavior for Gru¨neisen
parameters at quantum critical points [48, 49]. However,
anomalies may also occur due to level crossings between
the lowest excited states, which are labelled A and B in
Fig. 4a. While this crossing is comparatively invisible to
the low-temperature specific heat C, the abrupt change
in the slope of the gap (∆′) introduces a discontinuity
in Γλ without a divergence as shown in Fig. 4b at λ
∗.
At small finite temperatures, the drop in Γλ is smeared
out to a shoulder-like feature, that closely resembles B∗
in experiment. In our interpretation, B∗ therefore corre-
sponds to an abrupt change in the nature of the lowest
excitations, rather than to a phase transition.
Regarding α-RuCl3, various scenarios may be consis-
tent within this interpretation. The B∗ anomaly may
occur when the k-point associated with the lowest en-
ergy excitations changes as a function of field within
the partially-polarized phase. While this does not oc-
cur in the minimal model [23] corresponding to Fig. 3,
such an excited state level crossing is a recurring feature
of models that are more proximate to a zero-field phase
other than zigzag AF. For example, we have found [43]
an anomaly in ΓB for a more complete ab-initio derived
model [41] that is closer to ferromagnetic order at zero
field, and includes additional interaction terms beyond
those considered in the minimal model [23]. In this case,
the lowest-energy excitations switch from the zigzag wave
vector to k = 0 above a particular field strength within
the gapped partially-polarized phase. Such a scenario
can be verified via inelastic neutron scattering probes of
the high-field dispersion of the magnetic excitations. In
λc λ*
E
 - 
E
0
G
rü
ne
is
en
 p
ar
am
et
er
 Γ
λ  
an
d 
sp
ec
ifi
c 
he
at
 C
control parameter λ
(a)
(b)
r - rc
E
-E 0
r - rc
 
r , T = 0
r , T > 0
C , T > 0
Ground State
State A
State BGround State
State A
State B
Ground State
State A
State B
Γλ   = 0
Γλ   > 0
,    0
FIG. 4. (a) Schematic of a discrete spectrum evolving with
a control parameter λ. It contains an avoided level crossing
at λc and a level crossing in the lowest excited states at λ
∗.
These lead, respectively, to a sign change (λc) and a shoulder
(λ∗) in the low-temperature Gru¨neisen parameter Γλ (b). If
λc is a quantum critical point, the gap would vanish at λc
in the thermodynamic limit, leading to a diverging Γλ at λc
[43, 48, 49]. The low-temperature specific heat C [dashed
curve] is nearly unaffected by the level crossing at λ∗.
a more exotic scenario, the level crossings between the
lowest excited states can also be induced by pushing the
models closer to QSL phases, which we demonstrate by
tuning nearer towards a hidden AF Kitaev point [43, 52].
In both cases, our results imply the remarkable obser-
vation that the measured anomaly at B∗ may indicate
that α-RuCl3 is proximate to competing phases at finite
fields, but does not enter them. This poses the question
whether the thermal Hall conductivity could also change
anomalously at these field strengths without necessitat-
ing a phase transition, implying that no topological QSL
would be entered or exited.
In summary, we have performed detailed high-
resolution measurements of the specific heat and mag-
netic Gru¨neisen parameter of α-RuCl3 as a function of
in-plane magnetic field. The observed two transitions
at BAF1c = 6.6 T and B
AF2
c = 7.4 T are consistent with
previous reports and correspond to a transition between
two AF states (BAF1c ) and to a transition from the second
AF state to the quantum paramagnetic state (BAF2c ). We
also observe a third broad shoulder anomaly in ΓB cen-
tered around B∗ = 10 T, consistent with previous stud-
ies [16, 39]. This anomaly is invisible in the specific heat
5and inconsistent with a bulk thermodynamic phase tran-
sition. Thus, the upper field limit of the claimed half-
integer thermal Hall plateau, which probably appears
in this field range [35], cannot be explained by a phase
transition between a presumed Kitaev QSL and polar-
ized phase. We instead propose an alternative origin of
the high-field anomaly as a change of the lowest-energy
excitations without a phase transition, and demonstrate
numerically that this is compatible with realistic micro-
scopic models of α-RuCl3.
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7Supplemental Material
Thermodynamic perspective on the field-induced behavior of α-RuCl3
SELECTION OF SAMPLE
α-RuCl3 crystals may be subject to stacking faults that manifest themselves by the smearing out of the magnetic
transition at 7 K and the appearance of additional magnetic transitions at higher temperatures [1]. We first checked
the quality of our samples by measuring magnetization using MPMS 3 from Quantum Design. Three crystals were
tested (Fig. S1a). Crystals 1 and 2 show a weak bend around 14 K that indicates the occurence of a second magnetic
transition due to stacking faults. Crystal 3 does not show this bend. Its zero-field specific heat was further measured
using Quantum Design PPMS both before and after dilution-refrigerator (DR) measurements of the specific heat
and magnetic Gru¨neisen parameter. The data in Fig. S1b show the sharp λ-type anomaly at 7 K with no signatures
of additional transitions. This proves that neither our crystal of α-RuCl3 contained stacking faults prior to the
measurements, nor were the stacking faults introduced during the DR measurement.
ANALYSIS OF HEAT CAPACITY AND MAGNETIC GRU¨NEISEN PARAMETER
Both heat capacity (HC) and magnetic Gru¨neisen parameter ΓB are measured in our DR in the same setup, which
sets the sample in quasi-adiabatic conditions with a weak thermal link to the bath [2, 3]. Both quantities can be
measured in the same run without further warming up of the DR or exchanging the sample platform.
We measured HC by applying a short heat pulse of ∆t = 1 s with a power of ∆P resulting in a fast increase of
the sample temperature ∆T , followed by a slower exponential relaxation with the characteristic time exponent τ
(Fig. S2a). For τ  ∆t, this temperature increase happens under quasi-adiabatic conditions, and therefore the heat
capacity is obtained by C = ∆Q/∆T . In a real measurement, a fitting of the exponential decrease is required in order
to estimate ∆T (Fig. S2b).
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FIG. S1. (a) Temperature dependence of the magnetic moment µ for three crystals of α-RuCl3 measured at 1 T for H ⊥ c.
Sample 3 was used for the DR measurements. (b) Specific heat of sample 3 measured in zero field before and after the DR
measurements. Both curves overlap nicely in the whole temperature range and show only one peak at the ordering temperature
T = 7 K. This confirms the absence of stacking faults in the crystal, both before and after the DR measurement.
The magnetic Gru¨neisen parameter is determined by measuring the magnetocaloric effect (MCE) of the sample.
By applying an additional, oscillating magnetic field Bac(t) = ∆B · sin (ωt) on top of the static field from the main
magnet B0, an oscillation of the sample temperature is induced with the same frequency ω = 2pif and a phase shift
φ (Fig. S2c). For metals, a further oscillating contribution may occur due to eddy current heating with twice the
original frequency, therefore called the 2f contribution. Overall, time-dependent sample temperature is fitted with [2]
T (t) = Tmid + ∆T · sin (ωt+ φ) + ∆T2f · cos (2ωt+ φ). (S1)
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FIG. S2. (a) Illustration of the heat pulse method for the heat-capacity measurement. A power pulse ∆P applied for a short
time ∆t = 1 s creates a heat flow of ∆Q = ∆P · ∆t, which increases sample temperature by ∆T . Afterwards the sample
temperature decreases following a slow exponential decay with a characteristic relaxation time τ . For τ  ∆t, the temperature
increase ∆T occurs under quasi-adiabatic conditions and therefore the heat capacity at Tmid is given by C = ∆Q/∆T . (b)
Example for the determination of ∆T . Since the temperature increase is not a single step but rather has a finite slope, there
is a small ambiguity in the determination of ∆T . First, the starting temperature TStart is determined by the linear fit I. Next,
the exponential decay is fitted with Texp(t) = Ti + A · exp(−t/τ). Then ∆T is approximated by an equal area construction.
(c) Principle of magnetocaloric (MCE) effect measurement. Additionally to the main magnetic field B0, a small oscillating
magnetic field is applied, Bac(t) = ∆B · sin (ωt), leading to an oscillation of the temperature T (t) = Tmid + ∆T · sin (ωt+ φ).
The magnetic Gru¨neisen parameter is obtained as ΓB = 1/T · (∆T/∆B). (d) Raw data of T (t) together with the fit at 2 K and
10.2 T (f = 0.1 Hz). No 2f contribution is visible. (e) Raw data of T (t) together with the fit at 1 K for three different fields.
The frequency is f = 0.1 Hz. At 7.6 T (upper panel), the signal of the sample is huge and can easily be fitted with the above
mentioned formula. At higher fields, an additional feature with exactly twice the original frequency is clearly visible (grey
arrows), therefore called the 2f contribution. This is typically due to eddy current heating in metallic parts of the cell. This
contribution becomes prominent where the heat capacity of the sample is very small, which is the case at high fields (compare
the middle and lower panel with 8.8 T and 10.2 T, respectively). The raw data is fitted with Eq. (S1).
Since α-RuCl3 is an insulator, the 2f contribution originates from metallic parts of the cell (e.g., from wires) and
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FIG. S3. (a) Measured absolute values of the heat capacity for the whole setup (black) and cell only (grey). The heat capacity
of the sample (red) is obtained by the subtraction, CSa = Ctot−CCell. (b) In the case of the magnetic Gru¨neisen parameter, the
contribution of the cell may be non-monotonic. The subtraction procedure following Eq. (S3) is used to calculate the Gru¨neisen
parameter of the sample ΓB,Sa (red), as described in the text.
becomes dominant when heat capacity of the sample is very small. That holds for high fields and low temperatures
and can be seen in the 1 K data of Fig. S2e. Even in the presence of the dominant 2f contribution, we can still
extract the 1f contribution and determine the true MCE signal, as can be seen from the modulating temperature
oscillation with the 1f frequency on the top of the dominant 2f oscillation. For temperatures of 2 K (and above), no 2f
contribution appears in high fields (Fig. S2d). Therefore, the shoulder-like feature at B∗ is certainly not an artefact
due to the 2f fitting.
BACKGROUND SUBTRACTION
At low temperatures, thermodynamic response of α-RuCl3 may be weak and obscured by the background contri-
bution. Here, we explain the background subtraction procedure.
Heat Capacity
In our setup, the sample is mounted with a small amount of Apiezon N-Grease. In the same way, the thermometer
is fixed on top of the sample. This N-Grease as well as the thermometer, heater, and the rest of the cell contribute
as an addenda CCell to the measured absolute value of the heat capacity Ctot. In two separate measurement runs,
we determine first the heat capacity Ctot of the sample together with the cell, and in a second step CCell of the cell
without the sample. The heat capacity of the sample is obtained by subtracting the background, CSa = Ctot − CCell
(Fig S3b).
Gru¨neisen parameter
Also the magnetic Gru¨neisen parameter ΓB is affected by the addenda, because its heat capacity is comparable to
that of the sample. Here, the situation is more complicated, since ΓB depends not only on heat capacity, but also on
the temperature derivative of the magnetization, both having background contributions from the cell:
ΓB,tot = −∂Mtot/∂T
Ctot
= −∂MSa/∂T + ∂MCell/∂T
CSa + CCell
=
ΓB,Sa · CSa + ΓB,Cell · CCell
CSa + CCell
(S2)
This can be transformed into the following form:
ΓB,Sa = ΓB,tot +
CCell
CSa
(ΓB,tot − ΓB,Cell) . (S3)
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TABLE S1. Summary table for the estimations of the entropy related to BAF1c and B
∗ calculated by subtracting the contribution
in ∂S/∂B of the dominating BAF2c by a fit. Further details are explained in the text.
T (K) BAF1c (T) FWHM1(T) ∆S1(JK
−1mol−1) B∗(T) ∆S3(JK−1mol−1)
1 6.9(1) 0.3(1) 0.20(5) 10.3(5) 0.026(5)
2 6.90(5) 0.40(5) 1.2(1) 10.3(5) 0.25(5)
4 6.7(1) 0.3(1) 1.40(3) - -
At CSa  CCell, the cell does not affect ΓB,Sa. But as soon as CSa ∼ CCell like in the case of our α-RuCl3 sample at
very low temperatures, two separate measurements with and without the sample are required again. In combination
with the heat capacity data, the background can be subtracted using Eq. (S3). The background ΓB,Cell has been
measured in the same run as the heat capacity background CCell.
ESTIMATION OF THE ENTROPY RELATED TO BAF1c AND B
∗
Above the phase transition at BAF2c = 7.4 T, heat capacity at 2 K does not show any visible anomaly (cf. Fig. S4d,
taken from the main text). Therefore, a thermodynamic 2nd order phase transition can be excluded. However, a weak
anomaly in the Gru¨neisen parameter appears, denoted as B∗ in the main text. Consequently, ∂S/∂B = −ΓBC shows
an additional negative contribution at B∗, too (Fig. S4a). A similar behavior can be seen at BAF1c , but here resulting
in a clearly visible minimum. Much more entropy is involved in this anomaly, yet the behavior at BAF1c and especially
at B∗ is strongly influenced by the dominant contribution from BAF2c . Thus a direct determination of the related
entropies is not possible. In the following, we explain the subtraction procedure utilized to estimate the entropy
changes associated with BAF1c and B
∗, respectively, by considering two different approaches to the “background” due
to BAF2c .
First, we look at BAF1c at 2 K and estimate the “background” due to B
AF2
c by a linear fit, where the data points
related to BAF1c have been ignored (Fig. S4b). After subtracting the linear fit, a negative peak at B
AF1
c remains with
the Full Width at Half Maximum (FWHM) of ∼ 0.4 T and an entropy step of 1.2 mJ K−1mol−1 (Fig. S4c).
Since the anomaly B∗ is much weaker a simple linear fit of the “background” would not be adequate. Therefore, we
used a special fitting function, assuming critical fluctuations due to the dominant second-order transition at BAF2c .
First, C(B) is fitted in the range of 8.6 T to 11 T with an empirical function C = β(B − Bc) with a fixed value
of Bc = 7.4 T, resulting in  = −0.64(5) and β=22.7(9) mJ K−1mol−1T−. This fit is displayed as the solid line in
Fig. S4d. For the magnetic Gru¨neisen parameter ΓB, a Gr/(B − Bc) dependence has been predicted in the vicinity
of a quantum critical point [4]. We use this to obtain a formula for the “background” with ∂S/∂B = −CΓB =
Gr/(B − Bc)[β(B − Bc)] + δ0 , with fixed values from the heat capacity fit, and Gr and an offset δ0 being the only
fit parameter. We fit ∂S/∂B for 8.6 T≤ B ≤11 T by excluding the field range of the shoulder anomaly. It results in
Gr = −0.157(2) and a very small offset δ0 = 0.05(1) mJ K−1T−1mol−1 giving rise to the solid line in Fig. S4e. The
subtraction of this fit and integration of the difference leads to the step in the entropy mentioned in the main text
being roughly a factor 5 smaller compared to BAF1c . A summary for the same analysis procedure at 1 K and 4 K (only
estimation for BAF1c possible) can be found in Table S1.
FURTHER RESULTS FROM 1K UP TO 6K
The specific heat and entropy of α-RuCl3 decrease rapidly towards low temperatures [5]. Therefore, in Fig. S5 we
scaled the specific heat, entropy, and magnetic field derivative of the entropy by T 2 for a better comparison.
The main peak of the specific heat at BAF2c shifts to lower fields with increasing temperature. Only a very weak
kink is visible at BAF1c , most prominent at the lowest temperature of 1 K. No anomaly is present above B
AF2
c . This
is very similar to the behavior of the entropy increment ∆S.
The magnetic Gru¨neisen parameter (Fig. S5b) also shows a strong temperature evolution. The 2nd order phase
transition at BAF2c shifts in accordance with the specific heat toward lower fields at higher temperatures. The
additional, clearly visible feature at BAF1c is strongly smeared out at 4 K and completely vanishes at 6 K. The shoulder-
like feature at B∗ is only visible for 1 K and 2 K.
All three anomalies are also present in a very similar way in the field derivative dS/dB. For the 1 K data, we fitted
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FIG. S4. (a) Magnetic field dependence of the entropy derivative ∂S/∂B including the anomalies BAF1c , B
AF2
c and B
∗. (b)
Zoom into the field derivative ∂S/∂B at BAF1c together with the ”background” estimation of the dominant transition at B
AF2
c
using a linear fit (data points of BAF1c neglected). (c) After subtraction of the fit, the B
AF1
c anomaly shows a minimum with
a FWHM of ∼ 0.4 T. By integrating this minimum, we obtain field dependence of the relative entropy. The inset depicts the
entropy step of ∼ 1.2(1) mJK−1mol−1 associated with BAF1c . (d) Empirical fit of the field-dependent specific heat with fixed
Bc = 7.4 T, resulting in  = −0.64(5) and β=22.7(9) mJ K−1mol−1T−. (e) By using the parameter from the specific heat as
fixed values we were able to fit the ”background” due to the BAF2c transition, utilizing ∂S/∂B = −ΓBC as explained in the
text with fit results ofGr = −0.157(2) and δ0 = 0.05(1) mJ K−1T−1mol−1. After subtraction of the fit only the contribution of
B∗ remains. By integration we calculated the related entropy and a step of ∼ 0.25(5) mJK−1mol−1 for B∗ which is shown in
the main text of this Letter. (f) Determination of the position of B∗. ΓB exhibits a sharp step in the zero temperature limit
in the case of level crossing of the first excited states (see main text). At finite temperatures this step is smeared out and we
identify B∗ as the midpoint between start and end of this regime (see dotted lines).
the high-field shoulder at B∗ and used this fit for an approximation of the related entropy in the same way like for
2 K. Compared to the maximum value of the peak at BAF2c , the shoulder contributes 1.8 % of the entropy, which is
comparable to the value at 2 K.
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FIG. S5. Field dependence at 1 K, 2 K, 4 K, and 6 K. (a) Specific heat. For a better comparison C/T 2 has been plotted here.
The cell addenda was measured only up to 5 K therefore no addenda has been subtracted for 6 K. Since the field-dependence
of the background is rather weak at T > 5 K we assume that the addenda is nearly constant over the whole field range at this
temperature and thus only contributes as a constant offset. All temperatures show the peak assigned to the transition out of
the AF order. This peak marks BAF2c and shifts toward lower magnetic fields with increasing temperature. Only at the lowest
temperatures of 1 K and 2 K the phase transition at BAF1c < B
AF2
c appears as an additional weak anomaly. At fields above
BAF2c , no anomaly is visible. (b) Magnetic Gru¨neisen parameter ΓB. For all the temperatures, ΓB shows a clear sign of a
second-order phase transition at BAF2c , namely, a sharp step with a sign change. While the 1 K and 2 K data clearly show a
feature at BAF1c , it becomes nearly indistinguishable at 4 K. The weak shoulder at B
∗ is seen at 1 K and 2 K only. (c) Entropy
increment ∆S plotted as ∆S/T 2 for a better comparison. Only the main transition at BAF2c is visible. (d) Magnetic field
derivative of the entropy scaled again by T 2. Similar to the 2 K data from the main text (shown for comparison), there appears
an extremely weak anomaly at B∗ at 1 K, shown in the lower inset. The relative entropy change is summarized in Table S1
and in the upper inset. No features associated with B∗ are seen above 2 K.
GENERALIZED KITAEV MODELS: CALCULATION DETAILS AND FURTHER RESULTS
We focus on generalized honeycomb Kitaev models under in-plane magnetic fields. Under the assumption of C3
symmetry of the lattice and local C2h symmetry of the bonds, the Hamiltonian can generally be written as [6]
H =
∑
ij
Si · Jij · Sj − gabµB
∑
i
B · Si, where Jij =

α β γ
α Jn Γn Γ
′
n
β Γn Jn Γ
′
n
γ Γ′n Γ
′
n Jn +Kn
 . (S4)
The bond-dependency of generalized Kitaev models is encoded in the variables n, α, β, γ in Jij : The subscript n
refers to n-th neighbor bonds and the directional dependence is given through (γ, α, β) = (x, y, z) for X-bonds,
(γ, α, β) = (y, z, x) for Y-bonds, and (γ, α, β) = (z, x, y) for Z-bonds. In the literature, depending on the model, up
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FIG. S6. Exact diagonalization data for the minimal model [7], obtained on the 24-site cluster shown in Fig. 3 of the main
text. (a) Low-energy spectrum as a function of field strength. (b,c) Relative changes in the results for magnetization (b) and
entropy (c) at B = 6 T as functions of the employed cutoff dc, see Eq. (S6).
to third-nearest neighbor bonds are expected to be relevant, i.e. n ≤ 3. Then, in the notation of the C2/m crystal
structure, n = 1 and n = 3 Z-bonds are parallel to the crystallographic b axis, while n = 2 Z-bonds are perpendicular
to b. The respective X-bonds (Y-bonds) are those with a 60◦ (120◦) angle to the Z-bond.
If K1 in Jij is the only nonzero coupling, the model reduces to pure Kitaev model, which is exactly solvable for
B → 0. For our main comparison to experiment we discuss the ab-initio guided model for α-RuCl3 of Ref. 7, where
the nonzero interactions are (J1,K1,Γ1, J3) = (−0.5,−5, 2.5, 0.5) meV, and gab = 2.3 [8]. We refer to this here as the
minimal model.
In order to solve the generalized Kitaev model, we resort to exact diagonalization techniques on finite clusters.
Established methods for calculations at T > 0 like the finite-temperaure Lanczos method (FTLM) [9] or thermal
pure quantum states [10] often rely on statistical sampling of the Hilbert space. This bears large statistical errors at
low temperatures. Accordingly our attempts of using FTLM for the present study failed to reach anywhere close to
convergence after R = 500 random starting vectors for temperatures T . 3 K. We therefore instead apply a simpler
method where we replace the statistical error (growing with decreasing T ) by a systematic error (growing with
increasing T ) as follows: We calculate the dc lowest-energy eigenstates |n〉 of the Hamiltonian numerically exactly [11]
and approximate the canonical sums by restricting them to these low-energy eigenstates:
Z ≈
dc−1∑
n=0
e−En/(kBT ), 〈O〉 = 1
Z
dc−1∑
n=0
e−En/(kBT ) 〈n|O|n〉 . (S5)
One may expect this approximation to be reasonable for kBT  (Edc−1−E0). We show in Fig. S6a the obtained lowest
dc = 16 eigenstates as a function of field strength for the model we mainly focus on. In this case (Edc−1−E0)/kB ' 26 K
at the field strength where it is the lowest. For a more thorough estimate of the cutoff error, we track 〈O〉 as a function
of dc for different temperatures and only work further with results at temperatures where 〈O〉 is sufficiently converged
with respect to the maximum dc we employ. Examples are shown in Fig. S6b,c for the magnetization 〈M〉 and the
entropy S = kB logZ +
〈H〉
T at B = 6 T, i.e. at the critical field of the model, where the systematic error is the worst.
Following such analysis, we have good confidence in results for temperatures below T ≤ 2.5 K for the minimal model
with the employed cutoff dc = 16.
The T = 2 K Gru¨neisen parameter of the minimal model was shown in Fig. 3 of the main text. Further results
are condensed in Fig. S7, which shows the same quantities as in Fig. S5 at temperatures where we are confident
about the systematic error introduced by the cutoff. As the calculations are performed on a two-dimensional 24-site
honeycomb cluster (shown in Fig. 3 of the main text), we can not observe the BAF1c transition related to a change
in the inter-plane order, and generally suspect a “washing out” of thermodynamic phase transitions. Accordingly,
we observe broad anomalies in the calculated quantities at the transition between the zigzag and partially-polarized
phases (BAF2c ). These manifest in maxima in the specific heat C and entropy S [Fig. S7(a,c)] and sign changes in ΓB
and ∂S/∂B [Fig. S7(b,d)] in accordance with experiment and as expected for such a phase transition. The shifting
of BAF2c to lower fields with increasing temperature is also reproduced in this model, best seen by tracking the field
where ΓB changes sign in Fig. S7b for different temperatures. We note however that compared to experiment this shift
appears to happen already at lower temperatures, which may be related to finite-size effects or the incompleteness
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FIG. S7. Further exact diagonalization results for the minimal model [7] for the same observables as in Fig. S5, with the
exception of (c), which shows absolute entropy.
of the minimal model. We note that three-dimensional couplings are expected to further stabilize the AF ordered
phases [12]. Aside from the position and qualitative temperature-evolution of the anomalies related to BAF2c , the
calculations also capture the approximate absolute orders of magnitudes of the measured observables outside of the
critical field.
Missing in the minimal model is however the shoulder-like anomaly at B∗, which is strongest seen in the Gru¨neisen
parameter, see Fig. S5(b). As argued in the main text, we interpret this anomaly as an abrupt change in the nature
of the lowest-energy excitations, which translates to a level crossing between the lowest excited states for a discrete
spectrum. No such excitation level crossing takes place for any B in our calculations for the minimal model, see
Fig. S6(a). To demonstrate that such a feature above BAF2c is nevertheless realistic in generalized Kitaev models, we
first consider the fully-ab-initio model of Ref. 13. For simplicity and to reduce computational cost, we neglect their
weak second-neighbor Dzyaloshinskii-Moriya and J2 interactions. This model has the peculiarity that at T = 0, B = 0,
the ferromagnetic state is lower in energy than the AF zigzag one on the classical level. The AF zigzag ground state is
nevertheless recovered in exact diagonalization through strong quantum fluctuations. At zero and low field strengths,
the lowest-energy excitation is accordingly found at one (or multiple) of the zigzag ordering wave vectors k = M,M ′, Y ,
with the selectivity depending on the the orientation of the magnetic field[8]. In the conventional case (and for the
minimal model), the excitations at such k would still remain being the lowest-energy ones throughout the partially-
polarized phase B > BAF2c , which can be anticipated already on the level of linear spin-wave theory. In the case of
the present model however, zigzag correlations (k = M,M ′, Y ) are only dominant over ferromagnetic ones (k = Γ)
with the help of strong quantum fluctuations. Since the latter are suppressed on approaching the high-field limit,
the excitations related to ferromagnetic correlations eventually become energetically favoured. Figure S8(a) shows
the evolution of the 16 lowest-energy excitations calculated for this model. As anticipated, a crossing between the
excitations of the k = Y sector and the k = Γ sector takes place in the partially polarized phase. The associated
abrupt change of the slope of the gap (∆′(B)) leads to a jump in the zero-temperature limit of ΓB and a shoulder-like
anomaly at small finite temperatures [Fig. S8(b)], that we associate with B∗ from experiment. At T & 1.5 K the
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FIG. S8. (a,b) Field-dependence of the lowest 16 eigenenergies and Gru¨neisen parameter of the ab-initio model of Ref. 13
(neglecting weak second-neighbor Dzyaloshinskii-Moriya and J2 coupligns). We find B
AF2
c ≈ 6 T for this model. (c,d) Field-
dependence of the lowest 6 eigenenergies and T = 0 Gru¨neisen parameter a model interpolated between the minimal model [7]
and the hidden AF Kitaev point [14] with parameters (J1,K1,Γ1,Γ
′
1, J3) = (3.35,−3.05, 3.65,−1.7, 0.05) meV, gab = 2.3. Here
BAF2c ≈ 26 T.
shoulder becomes increasingly indistinguishable in this model. We stress that the overall agreement (aside from the
existence of the shoulder) with experiment in this model without further adjustment is considerably poorer than in
the minimal model for the temperature-evolution and absolute magnitude of most observables. In addition, while
BAF2c ≈ 6 T is satisfied, the shoulder is rather far away from this critical field. Nevertheless, we show with this
as a proof of concept that in the parameter space of generalized Kitaev models, such excitation level crossings are
common when the model is proximate to a phase that has lower energy than zigzag at high field strengths, but looses
against zigzag at low field strengths. Then the low-field Hamiltonian has a zigzag ground state and the lowest-energy
excitations remain to be of that nature in the partially-polarized until B∗, yet they eventually get undercut by the
excitations related to the proximate phase above B∗. In the case of this model, the proximate phase is likely the
ferromagnetic one.
In order to test our hypothesis that vicinity to other phases may induce such excitation level crossings and in
consequence shoulder-like anomalies in ΓB, we tuned the original minimal model [7] closer to various phase boundaries
and found further examples. By introducing large J1 > 0 andK2 < 0, we even find models with two shoulder-anomalies
above BAF2c . We note that proximity to a phase alone is not sufficient, as the adjacent phase may not become more
attractive or even become less attractive by the magnetic field. Such a case is found when introducing large Γ′1 > 0,
where the adjacent phase is likely the incommensurate one. An exotic scenario one could imagine is that the adjacent
phase is a quantum spin liquid (QSL). While we could not find shoulder-anomalies by tuning towards the ferromagnetic
Kitaev point (K = −1), we found them by tuning the minimal model towards the hidden AF Kitaev point [14], whose
nonzero parameters are (J1,K1,Γ1,Γ
′
1) = (
4
9 ,− 13 , 49 ,− 29 ). This model is dual to the AF Kitaev model (K1 = 1) and
therefore hosts both the Kitaev QSL at low fields and a field-induced U(1)-QSL at intermediate fields [15]. The hidden
dual point is interesting since it is nearer in parameter space to realistic α-RuCl3 models as established by ab-initio
due to K1 < 0, Γ1 > 0, Γ
′
1 < 0. This allows a simple path in parameter space where the α-RuCl3 models’ zigzag
ground states border the Kitaev QSL ground state: H(g) = gHhidden Kitaev · 8.5meV + (1 − g)Hminimal model, where
g ∈ [0, 1] and the subscripts refer to the hidden AF Kitaev point and the minimal model of Ref. 7 respectively. At
16
zero field, the QSL then borders the zigzag ground state at g ' 0.04. We find a level crossing of the lowest excitations
in the field-induced partially-polarized phases above zigzag for 0.04 < g . 0.1. An example is shown in Fig. S8(c,d),
where g = 0.1. Note that we can here only show with confidence the T → 0 limit since we only calculated the 6
lowest-energy states as we are only interested in the two lowest-energy excitations above the ground state. These
calculations indicate that the adjacent phase in parameter space inducing the shoulder anomaly B∗ could also be a
QSL. We note that this model is again to be understood as a toy model for a proof of concept, since aside from the
existence of a shoulder-anomaly, many other properties of α-RuCl3 are not reproduced without further adjustment.
ZERO-TEMPERATURE LIMIT OF THE GRU¨NEISEN PARAMETER OF GAPPED SPECTRA
For any continuous spectrum with a gapped ground state, the density of states can be written in the form
DOS(E, λ) = δ(E) + Θ [E −∆(λ)] f(E, λ), (S6)
where Θ(x) is the Heaviside function, f(E, λ) is any function describing the density of states above ∆ > 0 and λ is
a control parameter like magnetic field (λ = B) measured in this study or external pressure (λ = p). The partition
function is then given by
Z =
∫ ∞
−∞
DOS(E, λ)e−
E
T dE = 1 +
∫ ∞
∆(λ)
f(E, λ)e−
E
T dE, (S7)
where we set kB = 1 throughout the derivation. With F = −T logZ, S = −∂F/∂T , the Gru¨neisen parameter
associated to λ can be straightforwardly written out as
Γλ =
(∂S/∂λ)
T (∂S/∂T )
(S8)
=
T
[∫∞
∆
e−
E
T ∂λf(E, λ) dE
(
TZ − ∫∞
∆
Ee−
E
T f(E, λ) dE
)
+ Z
∫∞
∆
Ee−
E
T ∂λf(E, λ) dE
]
(∫∞
∆
Ee−
E
T f(E, λ) dE
)2
− Z ∫∞
∆
E2e−
E
T f(E, λ) dE
(S9)
+
T
[
∆′(λ)e−
∆
T f(∆, λ)
(∫∞
∆
Ee−
E
T f(E, λ) dE − Z(∆ + T )
)]
(∫∞
∆
Ee−
E
T f(E, λ) dE
)2
− Z ∫∞
∆
E2e−
E
T f(E, λ) dE
, (S10)
where ∆′(λ) ≡ ∂∆/∂λ and ∂λf(E, λ) ≡ ∂f(E, λ)/∂λ. For the T → 0+ limit, we can neglect terms in nominator and
denominator that are quadratic in e−E/T for all E ≥ ∆ > 0 compared to terms that are linear in e−E/T as long as
the latter do not cancel to zero (shown below). This leads to
lim
T→0+
Γλ = lim
T→0+
f(∆, λ)∆′(λ)(T + ∆)− Te∆/T ∫∞
∆
∂λf(E, λ)e
−ET dE − e∆/T ∫∞
∆
∂λf(E, λ)Ee
−ET dE
T−1e∆/T
∫∞
∆
f(E, λ)E2e−
E
T dE
(S11)
In order to form the low-temperature limit, it is useful to dissect the terms of the form e∆/T
∫∞
∆
a(E, λ)dE into powers
of T , which is possible by repeated partial integration:
e
∆
T
∫ ∞
∆
a(E, λ)e−
E
T dE = Ta(∆, λ) + Te
∆
T
∫ ∞
∆
∂a(E, λ)
∂E
e−
E
T dE (S12)
= Ta(∆, λ) + T 2
∂1a(E, λ)
∂E1
∣∣∣∣
E=∆
+ T 3
∂2a(E, λ)
∂E2
∣∣∣∣
E=∆
+ (. . . ), (S13)
where we used that for all three cases of a(E, λ), it grows sub-exponentially with E in the limit of large E. Inserting
this for the three cases of a(E, λ) and keeping track of the powers in T , one arrives at
lim
T→0+
Γλ =
∆′(λ)
∆(λ)
. (S14)
It has been argued that if a system is dominated by one energy scale E∗, the Gru¨neisen ratio follows Γλ =
(∂E∗/∂λ)/E∗. For a gapped system and temperatures much below the gap one may anticipate that this energy scale
becomes the gap. In this sense, our derivation above is a proof of this identification E∗ = ∆ in the T → 0 limit.
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Equation (S14) implies that if the gap closes and reopens as ∆(λ) ∝ |λ − λc|p with any power p at a critical λc,
the Gru¨neisen parameter diverges and changes sign as ΓH(T → 0) ∝ (λ − λc)−1. The discontinuous behavior for
a level crossing in the lowest-energy excitations was illustrated in the main text. We give below a short proof that
ΓH(T → 0) changes sign and diverges for any form of the gap closing and reopening.
∆(λ) having a minimum at λ = λc implies that there exists an s > 0 so that for every r ∈ (0, s), ∆(λ) is
monotonically growing for λc < λ < λc + r. In this interval, the only candidate for a pole of
∆′(λ)
∆(λ) is therefore at
λ→ λ+c . We prove now that such a pole exists in this interval by showing that the integral over (λc, λc + r) diverges:∫ λc+r
λ+c
∆′(λ)
∆(λ)
dλ = [log(∆(λ))]
λc+r
λ+c
= log(∆(λc + r))− lim
µ→λ+c
log(∆(µ)) = log(∆(λc + r))− lim
µ→0+
log(µ) = +∞.
(S15)
Analogously for approaching λc from below, there exists an m > 0 so that for every r ∈ (0,m), the gap ∆(λ) falls
monotonically in the region (λc − r, λc), and∫ λ−c
λc−r
∆′(λ)
∆(λ)
dλ = [log(∆(λ))]
λ−c
λc−r = lim
µ→λ−c
log(∆(µ))− log(∆(λc − r)) = lim
µ→0+
log(µ)− log(∆(λc − r)) = −∞.
(S16)
Since r in Eqs. (S15) and (S16) can be taken arbitrarily close to zero, the pole must be at λ→ λ−c . Taken together,
these results show the divergence and sign change behavior of Γλ(T → 0) at a gap closing and reopening of any form.
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